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Abstract Lacking a stable tertiary structure, intrinsically

disordered proteins (IDPs) possess particular functions in

cell regulation, signaling, and controlling pathways. The

study of their unique structural features, thermal stabilities,

and folding kinetics is intriguing. In this study, an identi-

fied IDP, securin, was used as a model protein. By using a

quasi-static five-step (on-path) folding process, the func-

tion of securin was restored and analyzed by isothermal

titration calorimetry. Fluorescence spectroscopy and par-

ticle size analysis indicated that securin possessed a com-

pact hydrophobic core and particle size. The glass

transition of securin was characterized using differential

scanning microcalorimetry. Furthermore, the folding/

unfolding rates (kobs) of securin were undetectable,

implying that the folding/unfolding rate is very fast and

that the conformation of securin is sensitive to solvent

environmental change. Therefore, securin may fold prop-

erly under specific physiological conditions. In summary,

the thermal glass transition behavior and undetectable

kobs of folding/unfolding reactions may be two of the

indices of IDP.

Keywords Securin � Disordered protein � Thermal

stability � Folding kinetics

Introduction

Intrinsically disordered proteins (IDPs) or intrinsically

disordered (ID) regions are characterized by the unique

combination of high specificity and low affinity in their

interactions with functional partners [1]. These proteins or

regions lack specific three-dimensional structures [2].

However, ID regions may exist in proteins that have sec-

ondary structures, such as p53 [3] and BRCA1 [4]. More-

over, the thermal stability and folding kinetics of these

‘‘natively unfolded’’ [5], ‘‘intrinsically disordered’’ [6], or

‘‘intrinsically unstructured’’ [2] proteins remain ambigu-

ous. It is, therefore, intriguing to identify the structural

features and folding kinetics of IDPs.

Human securin (pituitary tumor-transforming gene,

PTTG1) is identified as an IDP [7] and has been shown to

possess multiple biological functions [8–12]. The expres-

sion level of securin corresponds to tumor invasion [13].

During the cell cycle, securin can bind to separase and

inhibit the separation of sister chromatin. Securin is the

target of the anaphase-promoting complex and is degraded

before entering anaphase by polyubiquitination, which

depends on the destruction sequences [14]. Additionally,

securin is also involved in DNA damage repair [12] and

metabolism [15]. Securin can also bind to p53 and inhibit

its transcriptional activity to reduce p53-induced cell death

[16]. These multifunctional features of IDP may relate to

the structural flexibility of its tertiary structure [17].
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In this study, we cloned the human securin gene and

expressed the protein in an Escherichia coli expression

system. The expressed human securin was refolded and its

function was recovered by a quasi-static five-step (or on-

path, over-critical) folding process [18–24].

Moreover, stable molten globule intermediates were

observed during this process. Particle size, intrinsic fluo-

rescence, and secondary structure of these folding reaction

intermediates of securin were analyzed by dynamic light

scattering (DLS) analysis, fluorospectrophotometry, and

circular dichroism (CD), respectively. These results indi-

cate that securin is an IDP with a compact hydrophobic

core and particle size. Differential scanning microcalori-

metry (DSC) results indicate that securin has very weak

tertiary interactions. Kinetic studies of the unfolding/fold-

ing reactions of securin indicate that both the folding and

unfolding rates are too fast to be detected. However, the

hysteresis behavior of the securin folding/unfolding reac-

tions at equilibrium indicates that the folding and unfolding

reaction may not be a simple two-state reaction.

Materials and methods

Materials and buffers

All chemicals were purchased from Merck Ltd. (Rahway,

NJ). The BL21(DE3) cells and the pET200 vector were

purchased from Invitrogen (Carlsbad, CA). Primers were

synthesized by Biokit (MiaoLi, Taiwan). Human recom-

binant p53 was cloned from CHO cells, as described in the

previous studies [25]. All components of the unfolding

buffer and each folding buffer are modified from the pre-

vious studies [20, 22, 24] and listed in Table 1.

Cloning and expression of recombinant human securin

The human securin gene was amplified from the A549 cell

line and cloned into the pET200 vector by using the

polymerase chain reaction with the following primers,

securin forward primer: 50-CACCCATATGGCTACTCTGA

TCTATGTT-30 and securin reverse primer: 50-ATTTAAA

TATCTATGTCACAGCA-30.

The constructed plasmid was transformed into

BL21(DE3) cells. E. coli with the recombinant human

securin gene was incubated with shaking at 37 �C, induced

with 1 mM IPTG for 16 h, and then centrifuged at

12,0009g for 5 min. The cell pellet was resuspended in

3 mL of ddH2O and disrupted by a cell disruptor (Constant

System Ltd., Northants, UK). The total cell lysate was

centrifuged at 12,0009g for 5 min. The inclusion bodies,

which contained securin, were collected and washed with

ice-cold ddH2O twice. The recombinant securin protein

was purified by His GraviTrap column (GE Healthcare

Bio-Sciences Corp., Piscataway, NJ).

Unfolding and folding of recombinant securin

in various folding reaction

Purified securin was dissolved with unfolding buffer to a

concentration of 10 mg mL–1. In order to reveal the folding

reaction in different folding path, three different folding

reactions were tested: direct dilution (off-path reaction),

single-step dialysis, and five-step (path dependent or on-

path) quasi-static folding process [18–24]. For the off-path

process, unfolded securin was directly dropped into tenfold

native buffer, mixed well at ambient temperature, and

incubated for 1 h until the reaction reached equilibrium.

The residual denaturant in the off-path folding reaction

buffer was removed by Amicon Ultra (Millipore Corpo-

ration, Billerica, MA) centrifugation at 12,0009g for

30 min. Next, 700 lL of the native buffer was added to the

concentrated sample and centrifuged (12,0009g, 30 min)

ten times. For single-step dialysis, 1 mL of unfolded sec-

urin protein was dialyzed against 500 mL native buffer for

8 h (4 times) to remove the denaturant in solution. For the

on-path (five-step) quasi-static folding process [18–24],

five folding buffers (listed in Table 1) were used sequen-

tially at 4 �C, and stable reaction intermediates M1–M5

were obtained.

Intrinsic fluorescence analysis of securin

Intrinsic fluorescence (emitted by the aromatic residues

Trp, Phe, and Tyr) of folded securin, obtained from dif-

ferent folding paths, has been investigated. Fluorescence

Table 1 Chemical compositions of unfolding and refolding buffer

Tris buffer/mM pH Urea/M DTT/mM Mannitol/% Pefabloc/lM

Unfolding buffer 10 11 4.5 1 0.1 5

Folding buffer 1 10 11 2 0.1 0.1 0.5

Folding buffer 2 10 11 1 0.1 0.1 0.5

Folding buffer 3 10 11 – 0.1 0.1 0.5

Folding buffer 4 10 8.8 – 0.1 0.1 0.5

Folding buffer 5 10 8.8 – 0.1 – 0.5
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spectra were recorded with a Hitachi F-7000 fluorescence

spectrophotometer (Hitachi High Technologies, Tokyo,

Japan) using a 1-cm cuvette at 25 �C. The aromatic resi-

dues of securin were excited at 280 nm, and the emission

spectrum was recorded in the range of 300–450 nm with a

290-nm long-pass filter.

Isothermal titration calorimetry (ITC) analysis

of the binding between securin and p53

ITC has been used in many studies to analyze protein–

protein or protein–ligand interactions, such as that of apo-

human transferrin with sodium n-dodecyl sulfate [26]. A

2277 Thermal Activity Monitor (TAM, ThermoMetric AB,

Sweden) was used to determine the binding constant, Ka,

and reaction enthalpy, DH, for the binding of p53 to sec-

urin. A 10 lM securin solution was dissolved in Tris buffer

(10 mM, pH = 8.8) to a final volume of 2.8 mL. The

mixture was placed into the measuring ampule and titrated

by adding 10 lL drops of a 300 lM p53 solution, with an

injection rate of 1 lL s-1; the interval between two con-

secutive portions is 15 min. Finally, 200 lL of p53 solu-

tion was added into the measuring ampule. A temperature

of 25 �C was maintained throughout the experiment.

Analysis of the intermolecular interaction

between securin and p53 using the far-western blot

technique

Recombinant securin and p53 were unfolded and resolved

by 14 % SDS-PAGE and then electrotransferred onto a

polyvinylidene difluoride (PVDF) membrane (Millipore

Corporation, Billerica, MA) with a semi-dry transfer blot-

ter (ATTO Corporation, Tokyo, Japan). These proteins

were refolded on the PVDF membrane by a modified on-

path refolding process, and the buffers were sequentially

changed from folding buffer 1 to folding buffer 5 (Table 1)

[20, 22, 24]. The membrane was washed twice in each

buffer for 5 min, and then incubated in blocking solution

(10 mM Tris, 100 mM NaCl, 0.1 % Tween-20, 5 % nonfat

milk, pH = 7.5) for 30 min at room temperature. For the

far-western blot analysis, after incubating the transferred

membrane in the blocking solution, refolded human

recombinant securin (10 lg mL–1 in R5 buffer) was added,

and the membrane was gently shaken for 2 h at 37 �C. The

recombinant securin was detected using a mouse anti-sec-

urin antibody (Abcam, Cambridge, UK) that was recog-

nized by a horseradish peroxidase (HRP)-conjugated goat

anti-mouse secondary antibody. Chemiluminescent HRP

substrates (Millipore Corporation, Billerica, MA) were

used to enhance the chemiluminescence signal. Bovine

serum albumin was used as a negative control.

Inspection of securin particle size by DLS

Dynamic light scattering measurements were made using a

goniometer from Brookhaven Instruments Corp. (BIC,

Holtsville, NY), including a diode-pumped laser (Coherent,

Santa Clara, CA) with a wavelength of 532.15 nm and

power of 10 mW. The scattered light was collected at 90�
from the incident direction. The chamber temperature was

kept at 20 �C using a water circulator. The autocorrelation

function was computed using a digital correlator (BI 9000,

BIC, Holtsville, NY) and then analyzed by the negatively

constructed least-squares method [27].

CD analysis of securin secondary structure

Circular dichroism spectra in the far UV region

(260–200 nm) of U and M1–5 were measured using a Jasco

J 720C spectropolarimeter (Jasco Ltd., Tokyo, Japan) at

20 �C with a 0.1-cm cuvette. The mean residue ellipticity,

hMRE (deg cm2 dmol-1 residue-1), was calculated from

the molecular mass and number of residues of securin

(M.W. = 24.703 kDa; 225 amino acids).

Thermal stability of securin monitored by DSC

N-DSC II (Calorimetry Sciences Corporation, CSC, Lin-

don, UT) was used for experiments on the thermal sta-

bility of securin. The collected data were then analyzed

by an automatic data collection program. Each sample

was adjusted to 2 mg mL-1. BSA was used as a control

for regular protein. All samples were filtered and degas-

sed under vacuum for 5–10 min, with gentle stirring,

before being placed into the calorimetry cell. DSC

experiments were performed at a constant pressure of

4 atm to avoid bubble formation. The temperature of the

samples increased at a constant heating rate of

0.5 �C min-1. The excess heat capacity was calculated

using the CpCalc program (Calorimetry Sciences Corpo-

ration, CSC, Lindon, UT).

Measurement of the kinetic unfolding/folding rate

constant of securin

Stopped-flow unfolding and folding experiments of securin

were performed with an Aviv model 202SF stopped-flow

CD and fluorescence spectrophotometer (Aviv Biomedical,

Lakewood, NJ), equipped with a thermoelectric cell holder

at 25 �C. The dead time for mixing was 100 ls. All of

these experiments were performed using a 0.1-cm cuvette.

Unfolding jumps were from 0 M urea to various concen-

trations of urea (0.5–8 M); folding jumps were performed

from 8 M urea to various urea concentrations (7.5–0 M).
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Determination of protein stability in the unfolding/

folding equilibrium reaction

In this experiment, 100 lL of unfolded or folded securin

protein was diluted into 1 mL urea-containing buffer.

Unfolding experiments were performed from 0 M urea to

various concentrations of urea (0.5–8 M); folding experi-

ments were performed from 8 M urea to various urea

concentrations (7.5–0 M). The mixed samples were incu-

bated at 4 �C overnight to ensure complete equilibration.

Fluorescence spectra were recorded with a Hitachi F-7000

fluorescence spectrophotometer (Hitachi High Technolo-

gies, Tokyo, Japan), using a 1-cm cuvette at 25 �C. The

protein solutions were excited at 280 nm, and the emission

at 300–450 nm was recorded at 90� relative to the excita-

tion, with a 5-nm bandwidth and a 290 nm long-pass filter.

DG between the unfolded and folded states of the securin

protein can be calculated by the following equation [28].

DGH2O
f�u ¼ �mf�u urea½ �50 %; ð1Þ

where mf-u is the m-value, which can be calculated by the

following equation.

m ¼ oðDGf�uð urea½ �ÞÞ=o urea½ �; ð2Þ

where [urea]50 % is the urea concentration at the midpoint

of the equilibrium between the folded and unfolded states.

Results

Particle sizes and intrinsic fluorescence of the securin

protein in different folding paths

According to DLS analysis, the particle sizes of refolded

securin, which were obtained from off-path, single-step

dialysis, and on-path folding paths, were 16.9 ± 1.1,

6 ± 0.2, and 5 ± 0.2 nm, respectively (Fig. 1a). The

smallest particle size, which indicated the most compact

conformation, of refolded securin was obtained from the

on-path folding process. Similar results were obtained from

intrinsic fluorescence measurements. In the protein folding

process, hydrophobic collapse would lead to a blueshift in

the fluorescence maximum (kmax) [29]. Thus, the shortest

kmax value could indicate the most compact hydrophobic
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Fig. 1 Particle size and intrinsic fluorescence analysis of the securin

protein via different folding paths. a Particle size analysis of securin

by DLS. b Intrinsic fluorescence analysis by fluorescence spectro-

photometry. Folding methods I, II, and III denote the direct dilution

(off-path folding), single-step dialysis, and five-step (on-path) folding

process, respectively
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Fig. 2 a Analysis of the binding between securin and p53. The

enthalpy change (DH) for the binding of securin to p53 is equal to

-1718.56 kJ mol-1. In the figure, [L] represents the concentration of

p53 and [M] represents the concentration of securin. The binding ratio

of p53 and securin is 1–2. b Identification of securin by western blot

analysis with an anti-securin monoclonal antibody after the expres-

sion of securin and p53 in BL21 cell lines (left), with BSA used as a

negative control. The interaction of securin and p53 was demonstrated

by far-western blot analysis (right)
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core [29]. In Fig. 1b, kmax of the intrinsic fluorescence of

securin was obtained from the on-path folding process and

single-step dialysis method, but not from the off-path

folding method. Accordingly, securin was sensitive to the

folding path, and the protein obtained from the on-path

folding process was the most stable. Therefore, we focused

on folded securin prepared by the on-path folding process

in the following experiments.

Binding assay of securin and p53

As described in a previous study, securin can directly

interact with p53 [16]. In this study, the interaction between

securin and p53 was investigated by ITC measurements and

far-western analyses to evaluate whether securin folded into

functional state or not. (Fig. 2). Based on ITC measure-

ments, the binding constant, Ka, between securin and

p53 was found to be 3.1 9 1011 M-2, the DH was

-1,718.56 kJ mol-1, and the molar ratio of binding

between p53 and securin was 1:2 (Fig. 2a). These results

indicate that the folded securin protein could bind directly

to p53. In addition, far-western blot analysis (Fig. 2b)

revealed that securin could bind to its interaction partner,

p53, but not to the negative control, BSA. Thus, functional

securin could be obtained from the on-path folding process.

Intrinsic fluorescence, particle size, and secondary

structure analyses of folded and folding reaction

intermediates of securin

The intrinsic fluorescence spectra of reaction intermediates

of securin (Fig. 3a) were analyzed to reveal the dynamics

of hydrophobic core formation in the protein. The fluo-

rescence intensity increased with the progression of the

folding reaction (M5 [ M4 [ M3 [ M2 [ M1 [ U). The

emissions, kmax, of the intrinsic fluorescence of securin

intermediates from unfolding to folded were 348, 344, 343,

343, 342, and 342 nm, respectively (Fig. 3a, inset). Fur-

thermore, the hydrodynamic diameter, UH, of securin also

decreased with the progression of the folding process. The

particle sizes from the unfolded to the folded state were

10.8 ± 0.36, 8.38 ± 0.25, 6.68 ± 0.21, 5.96 ± 0.01,

5.84 ± 0.02, and 5.21 ± 0.12 nm (Fig. 3b). These results

indicate that the securin protein approaches its native

structure following the on-path folding process. Figure 3c

shows the CD profiles of the folded state and folding

reaction intermediates of securin at wavelengths from 200

to 260 nm. Based on the smooth profiles of the securin

protein in the CD spectra, we conclude that there is no or

minimal secondary structure formation in securin during

the folding process.
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Fig. 3 Analysis of structural

features of on-path folding

reaction intermediates of

securin. a The fluorescence

spectra of U, M1, M2, M3, M4,

and M5 of securin are indicated

in the figure. b Particle size of

folding reaction intermediates

of securin, analyzed by DLS.

c Secondary structure analysis

of securin at 20 �C. The CD

curves of reaction intermediate

states U, M1, M2, M3, M4, and
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figure. d Thermal stability

analysis of folded securin. The

temperature dependence of the

specific heat capacity of folded

securin (dashed line) in Tris

buffer, and that of BSA (regular

protein control; solid line) are

shown
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Thermal stability analysis of securin

Protein stability can be measured by DSC [30, 31]. We

used DSC to investigate the thermal stability of folded

securin. The DSC profiles of folded securin from 25 to

95 �C showed a tiny thermal transition signal in the folded

state (Fig. 3d). In contrast, a clear phase transition peak can

be observed in the case of BSA (Fig. 3d), a regular protein.

The melting temperatures of securin and BSA are 53.6 and

66.1 �C, and their enthalpy change (DH) values are 29.31

and 884.88 kJ mol-1, respectively. In order to rule out

faulty measurements by DSC, BSA was used as a positive

control (Fig. 3d).

Folding kinetics and equilibrium analysis of securin

unfolding/folding

The observed reaction rate (Kobs) of securin cannot be

determined by stopped-flow analyses, because of the

unchanging signal in intrinsic fluorescence (Fig. 4a, upper

panel) and CD (Fig. 4a, lower panel) measurements. The

undetectable Kobs indicated that both folding and unfolding

rates are too fast to be detected. To ensure the folding

dynamics of securin, equilibrium unfolding/folding exper-

iments were performed, using measurements of intrinsic

fluorescence at 342 nm and CD at 222 nm. For the

unfolding process, [Urea]50 % is 1.72 and 1.18 M; m-value

is 20.41 and 12.78 kJ mol-1 K-1; and DGH2O
f�u is -35.1 and

-15.08 kJ mol-1, as measured by CD and intrinsic

fluorescence measurements, respectively. For the folding

process, [Urea]50 % is 2.66 and 2.52 M; m-value is 5.18

and 6.26 kJ mol-1 K-1; and DGH2O
f�d is -13.78 and

-15.78 kJ mol-1 based on CD and intrinsic fluorescence

measurements, respectively. Accordingly, there is a hys-

teresis path in the folding/unfolding reactions at

equilibrium.

Discussion

The amount of securin is extremely low under native

physiological conditions and it is not easy to collect suf-

ficient amounts for folding dynamics and kinetics studies.

Therefore, we overexpressed recombinant human securin

protein in E. coli and collected it from inclusion bodies.

However, the aggregated protein consisted of both mis-

folded and folded protein, and its functional structure

needed to be recovered by a protein folding process

[20, 23, 24]. By applying three different folding paths, both

intrinsic fluorescence and particle size analysis are shown

in Fig. 1, indicated that securin could fold into a compact

conformation by an on-path folding process. This folded

securin could bind with its interaction target, p53 [16]

(Fig. 2), indicating that the folded securin was functional.

In other words, the on-path folding process used in this

study was suitable for securin folding.
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As the on-path folding reaction progressed, an increase

in intrinsic fluorescence and reduction in particle size could

be observed in the folding reaction intermediates (molten

globule state [32, 33]; Fig. 3a, b). These results indicate

that the intrinsic fluorescence and particle size of securin

may be affected by the solvent environment. The CD

analysis shown in Fig. 3c indicates that securin contains no

or minimal secondary structure. Furthermore, DSC was

used to analyze the thermal stability of securin. As seen in

Fig. 3d, the heat capacity of folded securin changes slowly

and this takes place over a large temperature range. This

phenomenon is similar to that of the glass transition profile

seen in DSC experiments [34]. In DSC measurements, the

glass transition is defined as the temperature at which the

change of state of amorphous material from a glassy state

to a rubbery state occurs [35]. However, both the glassy

and rubbery states are non-crystalline states. Owing to the

amorphous structure, the glass transition of non-crystalline

material is not fixed and occurs in local motion [34].

Accordingly, the free energy changes during the glass

transition are weak and slow. DSC measurements of the

glass transition-like profile of thermal denaturation of

securin indicate that the enthalpy change of securin is very

weak during the thermal denaturing process. In other

words, the free energy differences between the folded and

unfolded states on the protein’s folding landscape are very

small.

The Kobs of kinetic unfolding/folding reactions of sec-

urin cannot be detected in stopped-flow analysis (Fig. 4a);

this also indicates that the folding/unfolding rates are too

fast to be detected. In other words, securin is particularly

sensitive to its solvent environment. Therefore, hysteresis

profiles can be observed in equilibrium folding/unfolding

experiments in this study (Fig. 4b). This result also sup-

ports the notion that the folding reaction of securin is not a

simple two-state transition.

In summary, this is the first IDP folding study using

thermodynamics and kinetics approaches. Moreover,

securin is an IDP that needs an appropriate folding

process to restore its function. Folded securin may have

a compact hydrophobic core and conformation, but it

contains very weak tertiary interactions and no secondary

structure. Moreover, securin is sensitive to its solvent

environment. Hence, its folding route is different to its

unfolding route. The research approach used in this study

may be used in the analysis and/or identification of IDPs

in future studies.
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